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Abstract 
We have been developing long REBa2Cu3O7-G (RE: Y, Gd and Eu etc.) with BaMO3 (M: Zr, Sn and Hf etc.) coated conductors by the 
combination of the ion-beam assisted deposition (IBAD) and the pulsed laser deposition (PLD) methods. REBa2Cu3O7-G with BaMO3 
coated conductors showed high in-field performance, therefore, these coated conductors could be expected for the industrial and 
commercial applications at high temperatures in magnetic fields. However, to realize the low production cost for long REBa2Cu3O7-G 
with BaMO3 coated conductors, improvement of the production rate of the REBa2Cu3O7-G layers containing BaMO3 rods with 
maintaining high superconducting properties is required. To solve these problems, we have tried deposition of the REBa2Cu3O7-G 
layers with high superconducting properties by the PLD method with high production rate. As a result, we have successfully 
fabricated EuBa2Cu3O7-G layers containing BaHfO3 rods with high in-field Jc and Ic by the PLD method with high production rate. 
This EuBa2Cu3O7-G with BaHfO3 coated conductor exhibit a high Ic value of 412 and 48.7 A/cm-width at 77 K in self-field and 3 T, 
respectively at the deposition rate of about 40 Pm/h and the production rate of 10 m/h for a 1.35 Pm EuBCO layer thick. 
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1. Introduction 
REBa2Cu3O7-G (REBCO, RE: rare earth element) with barium perovskites nanosized inclusions, BaMO3 (BMO, M: 
metal) coated conductors [1, 2] can be expected for the industrial and commercial applications at high temperatures in 
magnetic fields, such as magnetic resonance imaging (MRI) and heavy ion medical accelerator (HIMAC) etc. Recently, 
we have found that EuBa2Cu3O7-G (EuBCO) with BaHfO3 (BHO) coated conductors show higher critical current 
densities (Jc) and critical currents (Ic) at high temperatures in self and magnetic fields than those of YBa2Cu3O7-G 
(YBCO) and GdBa2Cu3O7-G (GdBCO) coated conductors [3]. EuBCO layer has higher critical temperature (Tc), Jc, Ic, 
growth rate as well as uniformity of those properties for long length conductors than those of YBCO and GdBCO 
conductors at high temperatures in self and magnetic fields. Moreover, BHO nanorods in REBCO layers were formed 
short and thin with uniform distribution in the whole REBCO layers thickness in comparison with BaZrO3 (BZO) and 
 
 
* Corresponding author. Tel.: +81-44-850-1616; fax: +81-44-850-1613. 
E-mail address: ibi@istec.or.jp 
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the ISS 2014 Program Committee
122   A. Ibi et al. /  Physics Procedia  65 ( 2015 )  121 – 124 
BaSnO3 (BSO) nanorods in REBCO layers. Only BHO doped REBCO coated conductors showed almost the same Jc-B-T profiles even for much thicker REBCO layers [4]. We fabricated a short sample of EuBCO with BHO and a 93 m long
EuBCO with BHO coated conductor. The obtained minimum Ic values in the all angles of applied magnetic field of 3 T 
for respective short specimen and long (93 m) conductor are 141 and 124 A/cm-width. EuBCO layers with BHO 
nanorods for the both conductors were about 3.6 Pm in thickness [3]. 
In SRL-ISTEC, deposition rate and production rate of EuBCO layer with BHO nano rods by the PLD method had to 
be low if the high in-field performance is desired. For example, the deposition rate was < 10 Pm/h and the production 
rate was 2.3 m/h for a 3.6 Pm EuBCO layer thick. To realize the low production cost of REBCO layers with BHO 
nanorods, increase in the deposition rate of REBCO layers is one of the effective approaches. However, in the present 
conditions, the Jc and Ic values in self and applied magnetic fields decrease with simply increasing deposition rate of 
REBCO layer with BMO nanorods. Therefore, the next issue to be solved is improvement of Jc and Ic performance for 
REBCO layers with BMO nanorods deposited with high deposition rate. 
In this paper, to realize the higher deposition rate and the production rate for REBCO layers with BMO nanorods, we 
optimized deposition conditions for EuBCO layer with BHO nanorods in the Reel-to-Reel PLD method with a high 
power industrial excimer laser. 
2. Experimentals
The EuBCO layer with BHO nanorods were deposited by a PLD method on 10 mm wide CeO2 / LaMnO3 / IBAD-
MgO / Y2O3 / Gd2Zr2O7 / Hatelloy C-276 substrates. The value of in-plane and out-of-plane texturing degrees ('I and 
'Z) of CeO2 cap layer were about 2 to 3 and 1 to 2 degrees, respectively. A 200 W industrial XeCl excimer laser with a 
wavelength of 308 nm was used at a pulse repetition rate of 177 Hz and a pulse energy of < 600 mJ. The optical system 
is synchronized to the laser pulse and scanning of the laser beam to on a bulk target containing EuBCO and BHO was 
controlled as well. The laser repetition rate at 177 Hz is divided into 4 plumes which are almost the same in size and 
shape. Typically, the pulse repetition rate of 177 Hz and a pulse energy of < 600 mJ lead the deposition rate of about 40 
Pm/h for a EuBCO with BHO layer. Commercially available targets of sintered off-stoichiometric EuBaCu3.2OX
containing 3.5 mol% doped BHO with a diameter of 6 inch were used for deposition of the EuBCO layers with BHO 
nanorods. From experimental results of short samples by a low deposition late in SRL-ISTEC, we have decided to use 
the Cu-rich off-stoichiometric target of REBCO containing BMO. The deposition temperature was about 900 ć for a 
substrate tape with a transferring speed of 30 m/h. The oxygen pressure was maintain to be at about 600 mTorr with a 
flow of 10 sccm oxygen. The T-S distance (distance between the target and the substrate) was set about 100 mm. The 
thickness of EuBCO layer with BHO nanorods was 450 to 500 nm for one time deposition with the substrate tape 
transferring speed of 30 m/h as a typical value. As the EuBCO layer with BHO nanorods thickness increased, the 
surface morphology became rougher. The reduction of the surface temperature of the EuBCO layer with BHO nanorods 
was caused by the increment of surface emissivity and the amount of a-axis oriented grains in the EuBCO layer. 
Therefore, the deposition temperature was changed in the range about 900 to 915 ć for multi-deposition process, where 
a set temperature was changed in each deposition run to keep the surface temperature constant even with increase in the 
EuBCO layer with BHO nanorods. Ic values was measured by using the conventional four-terminal method with the 
criterion of 1 PV/cm. To examine the angular dependence of Ic values on applied magnetic field angle, which was 
changed from 30 to 220 degrees to c-axis (180 degree corresponds to a magnetic field paralleled to the c-axis direction). 
3. Results and discussion
Figure 1 shows the thickness dependence of GdBCO, GdBCO with BHO and EuBCO with BHO on Ic values at 77 K 
and self-field for different deposition rates. The low deposition rate was < 10 Pm/h by a 330 mJ and 150 Hz excimer 
laser and the high deposition rate was about 40 Pm/h by a 600 mJ and 177 Hz excimer laser. From this figure, results of 
GdBCO with BHO and EuBCO with BHO by the high deposition rate show very low Ic values. Tc values of REBCO 
with BMO coated conductors exhibit lower about 1 to 2 K than pure REBCO (REBCO without artificial pinning 
centers) regardless of deposition rates for REBCO layers with BMO nanorods. Other REBCO layers with BMO, such as 
YBCO, BZO and BSO etc. also exhibit the same Ic-d (d: REBCO thickness) tendencies even with different deposition 
rate. It is thought that the REBCO layers with BMO nanorods by high rate deposition has some difficulty in control of 
the deposition technique including deposition conditions. 
To improve the Jc and Ic values of REBCO layers BMO nanorods by the PLD method with a high deposition rate, 
first of all, we optimized the deposition conditions for EuBCO layers with BHO nanorods. Figure 2 indicates the set 
deposition temperature dependence of Jc values of the EuBCO with BHO coated conductors by the high deposition rate.
The thickness of the EuBCO layers with BHO nanorods were almost the same of 500 nm for the production rate of 30 
m/h. EuBCO layers with BHO nanorods by the high deposition rate exhibits hight Jc value at the set deposition 
temperature of 1145 ć. At temperatures lower than 1145 ć, the Jc value decrease since a-axis oriented grains in the
EuBCO layer become dominant. On the other hand, at temperatures higher than 1145 ć, the deposition changed from 
 A. Ibi et al. /  Physics Procedia  65 ( 2015 )  121 – 124 123
the vapor-solid growth mode to the vapor-liquid-solid mode, which might be resulted in decrease of Jc value. However, 
the controlling windows of the deposition temperature for maintaining higher Jc value than of 4 MA/cm2, is large
enough to be about 20 ć. Accordingly, it can be expected to attain uniform Jc for the long length EuBCO layers with
BHO nanorods. 
Figure 3 shows the T-S distance dependence of Jc values for EuBCO with BHO coated conductors with a high 
deposition rate for EuBCO layers with BHO nanorods. The EuBCO layers of 450 to 500 nm in thickness with BHO 
nanorods was fabricated at the rate of 30 m/h and this coated conductor revealed the Jc value of 4.9 to 5.1 MA/cm2 for
T-S distance of 97 to 100 mm. It seems that composition shift of the EuBCO layers from the EuBCO target occurred at 
a shorter T-S distance (< 97 mm), resulting in low Jc values. To obtain thick EuBCO layers with BHO nanorods for 
attaining high Ic value, it is necessary to improve the Jc values of relatively thin EuBCO layers with BHO nanorods.
Figure 4 shows the thickness dependence of EuBCO layer with BHO nanorods on Ic values at 77 K and self-field and 
production rate for different deposition rate of the EuBCO layers with BHO nanorods. From the results of Fig. 4, the Ic
values of the EuBCO layers with BHO nanorods at 77 K and self-field by high deposition rates as well as those of 
EuBCO layers BHO nanorods by low deposition rates were increased linearly with increasing the thickness of the 
EuBCO layer with BHO nanorods. We successfully fabricated EuBCO with BHO coated conductors with high Jc and Ic
by high deposition rates for EuBCO layers with BHO nanorods. 
Figure 5 shows the dependence of the applied magnetic field angle on the Ic values for EuBCO with BHO coated 
conductor at 77 K and 3T with a high deposition rate for EuBCO layer with BHO nanorods. This EuBCO with BHO 
coated conductor exhibit a high Ic value of 412 and 48.7 A/cm-width at 77 K in self-field and 3 T for 1.35 Pm in 
thickness, respectively. BHO nanorods in REBCO layers were formed short and thin (dot like) with uniform 
distribution in the whole REBCO layers thickness. Therefore, Jc anisotropies and Jc values for this EuBCO with BHO 
coated conductor in magnetic field were improved. The EuBCO layers with BHO nanorods by the high deposition rate 
also showed high in-field performance.  
Fig. 1 Thickness dependence of GdBCO, GdBCO with
BHO and EuBCO with BHO on Ic values at 77 K and self-filed 
for different deposition rates of respective layers of GdBCO, 
GdBCO with BHO and EuBCO with BHO. GdBCO with BHO 
and EuBCO with BHO by high deposition rate exhibit very low 
Ic values.
Fig. 2 Set deposition temperature dependence of 
Jc values of EuBCO layers with BHO nanorods by 
high deposition rate.
Fig. 3 T-S distance dependence of Jc values of 
EuBCO with BHO coated conductors by high 
deposition rate for EuBCO layers with BHO 
nanorods. The EuBCO layers of 450 to 500 nm in 
thickness with BHO nanorods were fabricated at the 
rate of 30 m/h and the coated conductors exhibited 
the Jc value of 4.9 to 5.1 MA/cm2.
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Figure 6 indicates the thickness dependence of the EuBCO layer with BHO nanorods thickness on Ic values at 77 K
and 3 T for different deposition rate. From the results of Fig. 6, the Ic value in magnetic fields of EuBCO with BHO 
coated conductors deposited at the high deposition rate has also improved. 
4. Conclusion
In order to realize high superconducting performance in both self-filed and in-field Ic and Jc properties as well as low
production cost for REBCO with BMO coated conductors, we have tried to optimize deposition conditions for the Reel-
to-Reel PLD method to obtain both the increase in deposition rate and the improvement in Jc and Ic characteristics of 
EuBCO layers with BHO nanorods. We investigated the influence of deposition conditions, especially, deposition 
temperature, the target-substrate (T-S) distance and the deposition temperature for thick EuBCO layers with BHO 
nanorods by multi-deposition. As a result, we successfully fabricated EuBCO with BHO coated conductors with a high 
Jc value of 5.1 MA/cm2 for 0.45 Pm in thickness and a high Ic value of 412 and 48.7 A/cm-width for the EuBCO layer
thickness of 1.35 Pm at 77 K, self-filed and 3 T, respectively with the high deposition rate of about 40 Pm/h.  
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Fig. 4 Thickness dependence of EuBCO layer with BHO 
nanorods on Ic values at 77 K and self-field and production rate
for different deposition rate. Ic of EuBCO with BHO by high 
deposition rate also increased linearly with increasing the 
thickness of the EuBCO layer with BHO nanorods. Deposition 
rate was about twice as high as low deposition rate for same 
EuBCO with BHO thickness and Ic values.
Fig. 5 Dependence of applied magnetic field angle 
on Ic values for EuBCO with BHO coated conductor 
at 77 K and 3T deposited by the high deposition rate.
Fig. 6 Thickness dependence of the EuBCO 
layers with BHO nanorods on Ic values at 77 K 
and 3 T for different deposition rates.
